During RNA maturation, the group I intron promotes two sequential phosphorotransfer reactions resulting in exon ligation and intron release. Here, we report the crystal structure of the intron in complex with spliced exons and two additional structures that examine the role of active-site metal ions during the second step of RNA splicing. These structures reveal a relaxed active site, in which direct metal coordination by the exons is lost after ligation, while other tertiary interactions are retained between the exon and the intron. Consistent with these structural observations, kinetic and thermodynamic measurements show that the scissile phosphate makes direct contact with metals in the ground state before exon ligation and in the transition state, but not after exon ligation. Despite no direct exonic interactions and even in the absence of the scissile phosphate, two metal ions remain bound within the active site. Together, these data suggest that release of the ligated exons from the intron is preceded by a change in substrate-metal coordination before tertiary hydrogen bonding contacts to the exons are broken.
During RNA maturation, the group I intron promotes two sequential phosphorotransfer reactions resulting in exon ligation and intron release. Here, we report the crystal structure of the intron in complex with spliced exons and two additional structures that examine the role of active-site metal ions during the second step of RNA splicing. These structures reveal a relaxed active site, in which direct metal coordination by the exons is lost after ligation, while other tertiary interactions are retained between the exon and the intron. Consistent with these structural observations, kinetic and thermodynamic measurements show that the scissile phosphate makes direct contact with metals in the ground state before exon ligation and in the transition state, but not after exon ligation. Despite no direct exonic interactions and even in the absence of the scissile phosphate, two metal ions remain bound within the active site. Together, these data suggest that release of the ligated exons from the intron is preceded by a change in substrate-metal coordination before tertiary hydrogen bonding contacts to the exons are broken.
crystallography ͉ metalloenzyme ͉ ribozyme ͉ splicing G roup I intron splicing proceeds through two consecutive transesterification reactions separated by a conformational change. The first step proceeds by the addition of an exogenous G (␣G) to the 5Ј end of the intron. This covalently releases the 5Ј exon, but the exon remains bound through base-pairing and tertiary hydrogen bonds (1, 2) . A conformational change moves the ␣G out of the active site and exposes a portion of the internal guide sequence (IGS) that is complementary to the 3Ј exon (3) . The IGS then base-pairs to both the 5Ј and 3Ј exons, orienting them for the second step of splicing (reaction state pre-2S). During exon ligation the 5Ј exon attacks the scissile phosphate between the last nucleotide of the intron (⍀G) and the 3Ј exon (reaction state post-2S). After ligation, the exons are released from the intron in at least two steps (4, 5) . The tertiary contacts to the exon-IGS helix (P1-P10 or substrate helix) are disrupted, resulting in an open or undocked complex (6, 7) , and then the substrate helix dissociates to release the ligated exons (8, 9) .
Recent crystal structures have provided a molecular view of a subset of the covalent and conformational states along the splicing pathway. Two structures of the Azoarcus sp. BH72 pre-tRNA Ile group I intron captured the intron bound to both exons before the second step of splicing (pre-2S) (10, 11) . In the first structure (deoxy pre-2S), the ligation reaction was prevented by the inclusion of 2Ј-deoxyribose substitutions at ⍀G, an essential hydroxyl group, and at three other positions (10) . The second structure (ribo pre-2S) contained a ribose at all positions, including ⍀G, except U-1 (the last nucleotide of the 5Ј exon) (11) . The resulting complex had some activity in solution and within the crystals. Two other group I intron structures were reported soon after the Azoarcus intron. The first was the Tetrahymena thermophila intron in a state analogous to the open complex after undocking of the substrate helix (12) . The second was a structure of bacteriophage Twort intron structure in complex with the 5Ј exon (13) .
The structures provided valuable information regarding the role of divalent metal ions in RNA splicing. Biochemical data predicted that metals contact four functional groups involved in transphosphorylation: the O3Ј of U-1, the O3Ј and O2Ј of the terminal guanosine (␣G or ⍀G), and one of the nonbridging oxygens of the scissile phosphate (14) (15) (16) (17) (18) . Metal affinity measurements led to the conclusion that these four groups were coordinated to three distinct metal ions (15, 19) ; however, the Azoarcus ribo pre-2S crystal structure revealed all four interactions are satisfied with just two active-site metal ions (11) . One metal (M 1 ) coordinates the U-1 O3Ј, a second (M 2 ) interacts with the O2Ј and O3Ј of the guanosine, and both metals coordinate one oxygen of the scissile phosphate. This inorganic architecture is similar to that observed within polymerase and exonuclease active sites (20, 21) . Only one metal was observed in the Tetrahymena and Twort structures, possibly resulting from the absence of the scissile phosphate or the resolution of the structures (12, 13) .
Here, we report the structure of a complex that includes the complete intron and both exons, but lacks the scissile phosphate to test the role of this phosphate in metal ion coordination. Two structures of the intron in complex with ligated exons after the second step of splicing (post-2S) reveal that there are significant changes in ground-state metal ion coordination before and after exon ligation. The structures reveal a relaxed active-site conformation that has important implications for exon binding, metal coordination, and product dissociation.
Results
Construct Design and Assembly. Our goal was to determine crystal structures of additional states related to the exon ligation reaction. Each construct was assembled by using an RNA transcript that comprises the majority of the intron (UP62). The exons and 3Ј end of the intron were added in trans by using oligonucleotides (Fig. 1) . The first complex omits the scissile phosphate at the 3Ј splice site (2S-omitP) (Fig. 1 A) . The second complex captures the intron after the second step of splicing by using two deoxyribose substitutions to prevent the reverse reaction (deoxy post-2S) (Fig. 1B) . The third construct contains no deoxyribose substitutions (ribo pre/post-2S) and is fully active. It was initially assembled in the post-2S state and then allowed to reach equilibrium before crystallization (Fig. 1C) .
bose substitutions at U-1 and ⍀G were sufficient to inactivate the intron (Fig. 2) . This facilitated crystallization of a homogeneous complex of the intron bound to the ligated exons. In contrast, the ribo pre/post-2S construct was active in solution and in the crystals. In solution, the construct reached equilibrium within 15 min, with 70% of the intron in the pre-2S state and the remaining 30% in the post-2S ligation state. Analysis of crystals grown with radiolabeled exons revealed the same equilibrium mixture in crystals, which suggests that there was no selective crystallization of one state over another (Fig. 2) .
All three constructs crystallized in the same space group (P4 1 22) with unit cell dimensions similar to previously reported structures [supporting information (SI) Table S1 ]. Coordinates from previously reported Azoarcus structures were used as an initial model. In each case active-site residues, metal ions, and solvent molecules were omitted from the starting model, and the model was rigid-body-fit into the experimental density. In a 2F O Ϫ F C omit map of each of the three structures clear density was observed in the active site, and the appropriate nucleotides were built into this density. Subsequent restrained refinement allowed movement of atoms throughout the intron, but no significant changes were observed in the intron structure outside of the active site.
2S-omitP Structure. The 2S-omitP complex (3.3-Å resolution) allowed us to address two questions: Is the scissile phosphate necessary for binding one or both of the active-site metal ions? Is connectivity between the intron and the exons required for metal ion coordination to the exons?
Two native electron density peaks were observed in the active site of an F O Ϫ F C map calculated by using a model lacking all metals and waters. These peaks were assigned as magnesium ions based on ligand distance and coordination geometry of activesite metals (Fig. 1 A) . Even though there is no scissile phosphate, the metals are the same distance apart (Ϸ3.8 Å) and have the same inner sphere contacts to the ⍀G, the O3Ј nucleophile on the 5Ј exon and all of the phosphates within the intron as were observed in the ribo pre-2S structure (Table S2 ). This structure demonstrates that neither the scissile phosphate nor a covalent connection between the intron and the 3Ј exon are required for binding both active-site metal ions.
Deoxy Post-2S Structure. The deoxy post-2S complex (3.3-Å resolution) provides a view of the intron after exon ligation. The crystals contain a homogeneous population of ligated exons base-paired to the intron IGS. There was a clear break in electron density between ⍀dG and Aϩ1 and continuous density between dT-1 and Aϩ1. Two peaks of native density were observed in the active site. The distance and geometry of these peaks relative to predicted metal ligands suggested these were active-site magnesium ions; however, because the deoxyribose substitution at ⍀G eliminates one of the ligands expected to coordinate M 2 (22) , and this substitution altered the specificity of M 2 from a Mg 2ϩ to a K ϩ in the deoxy pre-2S structure (10, 23) , it was necessary to further characterize the native peaks. The crystals were soaked with 0.2 mM YbCl 3 , and anomalous density maps revealed two peaks in the active site that superimpose on the peaks within the native density maps (Fig. 3A) . Based on this observation both active-site peaks were assigned as Mg 2ϩ . Although the ligated exon complex contained two metal ions, the active site was significantly relaxed relative to the pre-2S splicing intermediate. The scissile phosphate, which covalently joins the exons in the ligated exon complex, is almost 7 Å away from the ⍀G O3Ј to which it was attached before the reaction. There is also substantial relaxation with regard to exon-metal coordination. The O3Ј of U-1 and the pro-R P oxygen of the scissile phosphate directly contact metal ions during the ligation reaction, but are Ͼ5 Å away from either metal ion in the product complex, a distance too large for direct coordination. Despite these changes in metal-exon interactions, the metals still coordinate the same phosphate oxygens within the intron as were observed in the ribo pre-2S structure (Table S2) .
Ribo Pre/Post-2S Structure. It is possible that some aspects of active-site relaxation observed in the deoxy post-2S complex are an artifact of the 2Ј-deoxy substitution at ⍀G and not present in a functionally relevant structure that follows exon ligation. To address this concern, we determined the structure of the ribo pre/post-2S complex (3.4-Å resolution), which contains no chemical substitutions.
The ribo pre/post-2S complex is a fully active intron that crystallizes as a mixture of RNAs in the preligated (70%) and postligated (30%) form. The observed density, as well as the experimental observation that most of the intron was in the pre-2S state, led us to build the initial ribo pre/post-2S model as the unligated RNA. The pre-2S model represented the density reasonably well with the significant exception of a single large peak (7.1 ) in the native F O Ϫ F C map. The peak was located near the scissile phosphate, and we reasoned it might arise from an alternate conformation of the phosphate because of the fraction of the RNA that was in the ligated state. When the ligated exons from the deoxy post-2S structure were aligned with the exons in the ribo pre/post-2S model the scissile phosphate was located in the F O Ϫ F C density. This finding suggests that the peak results from an alternate position for the phosphate in the fully reactive post-2S complex (Fig. 3B) . We did not observe a negative peak over the phosphate in the pre-2S model as might be expected; however, in a mixed population it is difficult to separate contributions from B factors and occupancy during refinement. Consistent with this observation, a Ϫ3 peak appeared in the F O Ϫ F C density if the B factors of the phosphate atoms were lowered from Ϸ120 to Ϸ100 Å 2 , values similar to other atoms in the active site. In the last step of refinement the occupancy of the unligated exons was changed to 70%, and the ligated exons were fit into the density as a rigid body at 30% occupancy. This refinement strategy reduced the peak in the F O Ϫ F C map to only 4.5 . There are presumably other small changes caused by the heterogeneous population that we could not parse because of resolution, but this structure supports the observation from the deoxy post-2S structure that the scissile phosphate moves out of the active site after exon ligation.
As with the other structures of the Azoarcus intron, there are two active-site metal ions in the fully reactive splicing complex. We observed two native peaks within the active site, which were assigned as magnesium ions based on the anomalous signal from a 1 mM MnCl 2 soak. The metals are Ϸ4 Å apart, and each metal makes inner sphere contacts to predicted phosphates within the intron (Fig. 1C and Table S2 ). The metal-exon interactions made by the portion of the structure in the pre-2S exon conformation look similar to that of the ribo pre-2S structure. However, for the fraction of molecules with ligated exons the scissile phosphate oxygens do not directly coordinate either of the catalytic metal ions. This finding suggests that the changes in exon-metal interactions observed in the deoxy post-2S structure are likely to represent the ground state of the ligated exon complex.
Biochemical Evidence for Active-Site Relaxation. The structures indicate that there is a difference in exon-metal coordination in the ground states before and after ligation. We biochemically tested this hypothesis by using sulfur substitutions to disrupt Mg 2ϩ coordination by the nonbridging oxygens of the scissile phosphate.
We measured both the reactivity and the binding affinity of substrates containing phosphorothioate substitutions at the scissile phosphate for both the forward and the reverse of the second step of splicing. An RNA transcript (L-6 C204) that comprised the entire intron with the exception of the last two nucleotides was used for all of the following experiments. The pre-2S reaction state was formed by using two short oligonucleotides, AG P ACC, representing the intron-3Ј exon junction and CAU or CAdT, representing the 5Ј exon. The forward exon ligation involves the conversion: AG P ACC ϩ CAU % ϩ CAU P ACC (3Ј exon is underlined). In the post-2S reaction state GMP or dGMP was used for ⍀G, and an oligonucleotide, CAU P AC, was used as the ligated exons. Reverse splicing with these substrates involves the reaction: G ϩ CAU P AC % CAU ϩ G P AC. This reaction is equivalent to that catalyzed by the multiple turnover ribozyme form of the RNA that has been used extensively for biochemical analysis of group I intron splicing, primarily in the Tetrahymena intron. Phosphorothioate substitutions were introduced at the scissile phosphate in AG P ACC and CAU P AC to probe the role of these oxygens in activity and binding. For the forward reaction, the pro-R P oxygen is predicted to be involved in metal ion coordination, while the equivalent oxygen in the reverse reaction is the pro-S P , because of the nomenclature for assigning stereochemistry (18, 24) .
The sulfur-substituted oligonucleotides displayed a pattern of affinity and reactivity consistent with the structural predictions and previous biochemistry (18, 24) . In the forward exon ligation reaction, the R P phosphorothioate substitution had at least a 10 5 -fold inhibitory effect on the reaction rate (Table 1) . There was a similar 10 5 -fold effect on S P phosphorothioate substitution for the reverse reaction. Only minor decreases in rate (10-to 30-fold) were observed for substitution at the other nonbridging oxygen. Phosphorothioate effects of similar magnitude and stereospecificity have been reported (14) . This finding is con- sistent with the prediction that the forward and reverse reactions both proceed through a transition state that requires direct phosphate oxygen-metal ion coordination.
In contrast to the reactivity data, binding affinities were significantly different between the pre-2S and the post-2S complexes. In the pre-2S complex, where the structures predict direct metal-phosphate interaction, the R P phosphorothioate form of AG P-ACC bound at least 2,500-fold weaker than either the S P substituted or unsubstituted oligonucleotide (Table 1) , which is evidence of a metal-phosphate oxygen interaction in the preligation ground state. By contrast, the S P and R P phosphorothioate, and the unsubstituted forms of the ligated exon oligonucleotide, bound with equal affinities (Table 1) , indicating the absence of metal-phosphate oxygen interaction in the postligation ground state.
One possible explanation for the lack of a ground-state phosphorothioate effect in the post-2S complex is that the ligated exons bind in an open complex (24) . In this model, the substrate helix does not make any tertiary hydrogen bonds with the active site. One of the key tertiary interactions between the exons and the intron is a type I A-minor interaction involving C-3 and A168 (23, 25, 26) . A 2Ј-deoxy substitution at C-3 results in a Ϸ15-fold reduction in exon binding affinity (1.6 kcal⅐mol Ϫ1 ) in the docked complex (26) , but only a 2-to 4-fold effect because of the slightly reduced helical stability in the open complex (27) . To distinguish between an open and a closed complex we measured the affinity of the ligated exon mimic, CAU P AC, with both a 2Ј-deoxyribose substitution at C-3 and a phosphorothioate at the cleavage site. The S P -substituted dCAU P AC oligonucleotide bound Ϸ25-fold weaker than the all-ribose form of the same S P -substituted oligonucleotide, consistent with the loss of a fully formed tertiary contact to the C-3 2Ј-OH. This result supports the structural prediction that in the post-2S ground state the substrate helix maintains tertiary interactions with the intron even in the absence of metal ion coordination.
Discussion
The structural and biochemical data reveal that the active site of the group I intron becomes relaxed after exon ligation and before exon release. The post-2S crystal structures indicate that direct metal coordination to both the U-1 O3Ј and the pro-S P scissile phosphate oxygen are lost after ligation. The biochemical data confirm this observation, demonstrating that there are no metal interactions to the nonbridging oxygens of the scissile phosphate in the post-2S state.
Based on these results we propose a revised series of active-site conformations as the reaction progresses from exon ligation to product release (Fig. 4) . Before ligation the intron forms a fully docked ground-state complex with the exons, which includes full tertiary interaction and coordination of the scissile phosphate to both active-site metal ions. In this fully docked complex, disruption of the metal-phosphate interaction has a large effect (⌬⌬G Ͼ 4.6 kcal⅐mol Ϫ1 ) on 3Ј exon affinity. These contacts are maintained through the transition state, as disruption of metalphosphate coordination also has a large effect (Ϸ10 5 -fold) on the exon ligation rate. As the reaction proceeds to products, the intron goes through a semistable intermediate state, which has not been directly observed, in which the exons are ligated and the metals retain direct coordination. Subsequently, the intron adopts a more stable relaxed docked state, in which the exons retain secondary and tertiary contacts with the intron, but direct coordination with the active-site metal ions is lost. Evidence for this state is provided by the structural and biochemical data summarized above and is consistent with the previous observation in Azoarcus that the M 1 interaction with the U-1 O3Ј is absent in the post-2S state (28) . Such an interaction is expected to be less favorable after the O3Ј becomes phosphorylated and is less electron-rich (29) . This relaxed complex is a precursor to exon release, in which the substrate becomes undocked (loss of tertiary interactions) followed by unpairing of the exons from the IGS. This relaxed state may facilitate product release.
The change in metal-exon interactions implies a change in metal hydration as ligation proceeds. The resolution of the current structures is insufficient to resolve all of the water molecules coordinated to the active-site metals; however, retaining octahedral coordination geometry requires that two or possibly three water molecules replace the reactive ligands. A single water molecule may be sufficient to bridge between the two metals in place of the scissile phosphate (30) . A second water molecule would contact M 1 in place of the O3Ј of the 5Ј exon. Metal coordination to the intron is unchanged between the fully docked pre-2S and the relaxed docked post-2S structures, including interactions with ⍀G. M 1 consistently makes direct contact with the phosphate oxygens of C88, G170, and A172 in all of the structures. M 2 is coordinated by the phosphate oxygens of G128 and A172, the 3Ј OH of ⍀G and the 2Ј OH of ⍀G when present. The intron may use the relaxed docked state as a way to dehydrate catalytic metal ions stepwise and reduce the energetic barrier of metal binding in the active site. Although this scheme is depicted in terms of the second step of splicing, these observations may also apply to the more extensively studied multiple-turnover ribozyme form of the intron, which performs a cleavage reaction analogous to the reverse of splicing. The structural observations here are consistent with previous studies that showed the 5Ј exon mimic binds tighter than the ligated exon product in the ribozyme system (31-33), which may be a result of losing favorable metal-exon interactions after ligation. Additionally, unusually tight affinities were also reported for a phosphorothioate substituted oligonucleotide binding to the Tetrahymena ribozyme, suggesting that the ground state of that ribozyme substrate complex may also not involve direct metal-substrate interaction (24) .
Requirements for Metal Binding. Two magnesium ions were observed in the active site of the ribo pre-2S Azoarcus intron structure and in all three additional structures reported here. Curiously, only one magnesium ion was observed in structures of the Tetrahymena and Twort introns (12, 13) . These structures both lack the scissile phosphate, which may imply that binding of a second active-site metal ion depends on the presence of the reactive phosphate. However, the 2S-omitP structure includes everything except the scissile phosphate, and two active-site metals are bound. The complex is in a fully docked conformation, which indicates that a covalent bond between the intron and the 3Ј exon is not required for the exon-metal ion interaction.
The two-metal-ion reaction mechanism used by group I introns is structurally analogous to the mechanism of polymerases and endonucleases. In polymerases, M 2 is dynamic: it enters the active site with the incoming nucleotide and escorts the pyrophosphate product out of the active site after the reaction has occurred (34, 35) . This movement coincides with the power stroke that drives each round of polymerization. In group I introns, however, there is no need for a power stroke because it is a single turnover reaction. This, along with the presence of M 2 in the 2S-omitP structure without the scissile phosphate present, suggests that M 2 has a functionally different role than seen in polymerases. Endonucleases may provide a more analogous mechanism. Two metals were also observed in RNase H in the absence of the scissile phosphate (36) . It has been proposed that one of the metals dissociates from the RNase H active site upon product release (37) (38) (39) . If a similar mechanism is used by the group I intron the absence of the scissile phosphate would not alter metal binding, but undocking of the exons would lead to a single metal bound in the active site.
Materials and Methods
Assembly and Crystallization. All three of the crystallization constructs were assembled from a single RNA transcript (UP62) and different synthetic oligonucleotides. UP62 was prepared as described (10, 23) . Oligonucleotides were purchased from Dharmacon Research and deprotected by the manufacturer's procedures. The RNA binding domain of the U1A protein was used to aid in crystallization. The U1A double mutant (Y31H, Q36R) was expressed and purified as described (40, 41) . Crystallization constructs were assembled by heating the RNA (100 M) and oligonucleotides (125 M) to 50°C for 2 min in folding buffer (10 mM sodium cacodylate at pH 6.8, 15 mM MgCl 2). The mixture was slow-cooled before the addition of the U1A protein (120 M). Two volumes of complex were combined with one volume of mother liquor [30% 2-methyl-2,4-pentanediol (MPD), 50 mM sodium cacodylate at pH 6.8, 40 mM Mg(OAc) 2, 10 mM KOAc, and 0.2 mM Co(NH3) 6 3ϩ ] and incubated at 25°C.
Crystals were grown by hanging drop diffusion. Deoxy post-2S and ribo pre/post-2S crystals were obtained by seeding with ribo pre-2S crystals 2-3 h after setting up crystallization trials. Crystals appeared within 12 h and grew to a maximum size of 100 m ϫ 100 m ϫ 200 m within 10 days. Crystals were stabilized in 30% MPD, 50 mM sodium cacodylate at pH 6.8, 10 mM Mg(OAc) 2, 10 mM KOAc and 0.2 mM Co(NH 3)6 3ϩ at 4°C for 4 days before flash-freezing.
The 2S-omitP complex was formed in the presence of 15 mM KVO 3. Crystals appeared within 3 days and grew to a maximum size of 100 m ϫ 100 m ϫ 300 m in Ϸ10 days. They were stabilized as above, with the addition of 15 mM KVO3.
Structure Determination. Data were indexed, integrated, and scaled by using HKL2000 (42) . The initial deoxy post-2S model was generated from the deoxy pre-2S structure [Protein Data Bank (PDB) ID code 1U6B], and the initial ribo pre/post-2S and 2S-omitP models were generated by using coordinates of the ribo pre-2S structure (PDB ID code 1ZZN). Active-site density was observed in omit maps, and residues were manually built into the density to avoid model bias in the active site. Manual rebuilding was done in COOT (43) , and the model was refined against native data by using REFMAC5 (44) . Figures were made with PyMOL (45).
Post-2S Activity Assays. Activity of the post-2S constructs was measured in solution by combining 1 M UP62 transcript, 1 M lig-dT or lig-rU, trace 5Ј 32 P-radiolabeled P9-dG or P9-rG, 10 mM sodium cacodylate at pH 6.8, and 15 mM MgCl2. The RNA was annealed for 2 min at 50°C, followed by a slow cool. For the deoxy post-2S construct the mother liquor solution was added to the reaction at a final concentration of 30% MPD, 50 mM sodium cacodylate at pH 6.8, 10 mM Mg(OAc)2, 10 mM KOAc, and 0.2 mM cobalt hexamine. After 72 h at 25°C the reaction was quenched with FLB (95% formamide, 2.5 mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol) and analyzed by denaturing PAGE. The crystal composition was measured by setting up crystallization trials in the presence of trace 5Ј 32 P-radiolabeled P9-rG. Crystals were grown by seeding as described above. After 48 h of growth several crystals were harvested, washed, and dissolved in FLB. Gels were visualized with a STORM PhosphoImager (GE Healthcare), and data were quantified by using ImageQuant (GE Healthcare).
Substrate Binding and Kinetics. Exons and ⍀G were added in trans to the L-6 C204 form of the intron. Binding and activity were measured for reaction-site phosphorothioate-substituted and unsubstituted oligonucleotides. Phosphorothioate diastereomers were separated by RP-HPLC purification by using a C18 HPLC column. Rates of activity were measured for each substrate after purification. For the pre-2S system 10 M transcript, 10 M CAU (5Ј exon) and trace radiolabeled oligonucleotide substrate were combined in gel-shift buffer (100 mM Tris⅐Hepes at pH 7.5, 0.1 mM EDTA, and 10 mM MgCl 2). Post-2S activity was measured by using 10 M transcript, 5 mM GMP, and trace radiolabeled oligonucleotide substrate in the same buffer conditions. Reactions were quenched with FLB, and products were resolved by denaturing PAGE. Reaction rates (k obs) were calculated by using Eq. 1:
F unreact ϭ fraction unreacted at t ϭ ϱ, t ϭ time.
Binding was measured by native gel-shift analysis, as described (2). For pre-2S studies varying concentrations of RNA transcript and CAdT (5Ј exon with a 2Ј deoxythymine at U-1) were combined with trace 5Ј 32 P-radiolabeled substrate oligo and incubated for 1 h in gel-shift buffer, 4% sucrose, 0.002% xylene cyanol, and 0.002% bromophenol blue at 25°C. Samples were then loaded onto an 8% polyacrylamide gel, at 4°C running at 20 W. Both the gel and electrophoresis buffer contained gel-shift buffer, and electrophoresis buffer was recirculated every 10 -15 min. Gels were analyzed as described above, and binding constants (Kd) were calculated from Eq. 2.
F bound ϭ fraction bound at saturation, C ϭ ͓ribozyme͔.
The same procedure was used to measure post-2S binding by combining varying concentrations of transcript, 5 mM dGMP or GMP, and trace 5Ј 32 P-radiolabeled CAUPAC or dCAUPAC substrate oligonucleotides.
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